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 This work describes a simple method to optimize the autoclave interaction of crystalline silica with hydrated lime (CH).
 An amount of 38% CH is consumed in a mixture of 50% SFL and 50% CH.
 A conversion factor of 1.32 to calculate the required silica was obtained.
 A veriﬁcation test to the conversion factor was carried out using Portland cement.
 The amount of ground sand added to cement was precisely calculated using the conversion factor.a r t i c l e i n f o
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This work describes a simple test method that is used to optimize the amount of ground crystalline sand
of a given ﬁneness that reacts equivalently with hydrated lime (CH) under autoclave conditions. The
stimulated pozzolanic reactivity of the inertness of crystalline silica under autoclave curing leads to
the formation of various amorphous and crystalline C–S–H structures. A series of 10 mixtures incorporat-
ing different proportions of ground crystalline quartz and calcium hydroxide with a water-to-binder ratio
of 0.5 were prepared, cured under autoclave conditions and investigated using XRD, SEM-EDS and FT-IR
analyses. A stoichiometric ratio of 1.32 was found between approximately 57% ground crystalline silica
and 43% calcium hydroxide. Applying this ratio as a conversion factor, the optimum content of ground
crystalline sand required to entirely consume the generated calcium hydroxide in hydrated cement
was calculated to produce an optimized autoclaved concrete. Similarly, the amount of the same ground
crystalline sand that should be added to cement was successfully obtained. A veriﬁcation test was con-
ducted using Portland cement paste to assess the validity of the conversion factor. The microstructural
analysis of the optimized autoclaved cement paste with 30% ground crystalline sand reveals the forma-
tion of different nano-sized grains of C–S–H with a low Ca/Si ratio of 1.09. The average compressive
strength of the 2.5-h autoclaved cement paste with 30% ground sand displays a value equivalent to that
of the 28-day normally cured cement paste without ground sand. This result conﬁrmed the validity of the
current approach, which was supported by the good correlation among the XRD, SEM-EDS and FT-IR
results. Consequently, mass production of optimized autoclaved concrete can be easily and economically
achieved.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Currently, advanced and green technologies necessitate the use
of mineral admixtures in concrete. However, mineral admixtures
are unavailable in many developing countries, which creates an
added cost in concrete production due to the additional cost of
importation and transportation processes. Additionally, frequent
variation in the physical and chemical properties of mineraladmixtures from one shipment to another represents another crit-
ical problem to be solved. The importance of mineral admixtures in
concrete is indisputable. However, in developing countries, explor-
ing alternative local materials has become unavoidable. The
replacement of common mineral admixtures with local materials
provides an alternative solution to these problems in speciﬁc
applications.
Dune sand, abundantly available in many desert regions of the
world, was proven to be active in autoclaved concrete. It can be
taken as a typical example to the local materials that can poten-
tially replace common mineral admixtures in speciﬁc concrete
Table 1
Physical and chemical properties of SFL and cement powders.
Oxide composition (%) SFL CEM
SiO2 99.45 20.50
Al2O3 0.20 5.82
Fe2O3 0.02 4.10
CaO 0.02 64.14
MgO 0.005 0.71
Na2Oeq 0.09 0.26
SO3 NA 2.44
Loss on ignition (%) 0.22 1.38
Speciﬁc gravity 2.7 3.14
Fineness (m2/kg) 324 373
C3S NA 53.40
C2S NA 13.25
C3A NA 8.49
C4AF NA 12.48
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works have discussed the effect of inert ground crystalline sand
on the strength of concrete under normal, steam and autoclave
curing conditions [1–4]. These results showed that autoclave cur-
ing represents the optimum curing technique, and the strength
of autoclaved concrete was observed to increase gradually up to
a certain replacement level after which a gradual reduction in
strength occurred [1]. The authors refer to this replacement level
as the critical replacement level. Moreover, the effect of ultraﬁne
ground crystalline silica on the amount of water required for con-
stant workability under normal curing was investigated [5], and it
was shown that an increase in the amount and ﬁneness of the
ground crystalline silica decreased the water requirement due to
improved particle packing. In another study, the presence of ultra-
ﬁne inert ground crystalline silica was shown to improve the de-
gree of hydration compared with those of the control mixture
[6,7] under normal curing. Nonetheless, the grinding of quartz to
an ultraﬁne level for incorporation with cement under normal cur-
ing adds an unavoidable cost. However, this cost can be reduced
with another effective curing technique, i.e., optimized autoclave
curing, which requires a lesser degree of ﬁneness and accordingly
minimizes the cost. To this end, the autoclave curing of ground
crystalline silica (such as dune sand) stimulates the pozzolanic
reactivity of this material in the presence of the calcium hydroxide
(CH) generated during cement hydration [2,4]. This type of stimu-
lated pozzolanic reactivity leads to the formation of different series
of tobermorite phases, crystalline calcium silicate hydrates (C–S–
H), and other forms of the main binder in concrete to provide im-
proved properties.
Comprehensive research has been carried out by many
researchers on the formation and development of tobermorite
minerals (C–S–H) resulting from the interaction between inert
ground crystalline silica and calcium hydroxide under autoclave
conditions [8–11]. In brief, no critical studies were found that opti-
mized and reduced (as much as possible) the amount of ground
crystalline sand that should be stoichiometrically added to cement
to efﬁciently reach the critical replacement level. Near the critical
replacement level, improved mechanical properties are expected
under different curing schemes, i.e., under autoclave curing. In
most of the available publications, determination of the critical
replacement level of inert ground crystalline silica depends on
the trial methods applied. At the same time, other researchers have
targeted the type of reaction products (i.e., the tobermorite phases)
of the autoclaved mixture of inert ground crystalline silica and the
CH reaction.
Therefore, the aim of the current study was to establish a stoi-
chiometric ratio or conversion factor that would provide a reliable
estimation of the critical replacement level of ﬁnely ground crys-
talline dune sand with CH under autoclave conditions. The out-
comes of this research are expected to contribute to the
production of optimized and cost-effective autoclaved concrete.
Throughout the current investigation, the results are presented
using different characterization techniques to identify the critical
replacement level and are critically discussed.
2. Materials and experimental program
The identiﬁcation and evaluation of the C–S–H phases are generally conducted
using SEM-EDS analyses and scanning electron microscope (SEM) imaging coupled
with an X-ray micro-analyzer (EDS) to determine the internal Ca/Si ratio character-
istic of C–S–H. Additionally, XRD and FT-IR analyses are used to establish the stoi-
chiometric ratio. Finally, the determination of the stoichiometric ratio between SFL
and CH aids in determining the conversion factor. Thermogravimetric and differen-
tial thermal analyses (TGA/DTA) were performed using a TA instrument (model SDT
Q600). A sample weight of 30 mg in powder form was placed in a Pt crucible and
heated in a nitrogen atmosphere at a temperature range from ambient to 1000 C
and at a heating rate of 20 C/min. Thermal analyses were carried out to determine
the total amount of liberated CH from the autoclaved hydrated cement. Estimationof the total CH amount generated during cement hydration is necessary for calcu-
lating the optimum amount of dune sand that should be added to the cement.
Therefore, the conversion factor should provide the optimum amount of ground
crystalline dune sand added to cement under the deﬁned autoclave conditions to
obtain autoclaved concrete with enhanced strength.
Crystalline ground dune sand also referred to as silica ﬂour powder (SFL) with a
median grain size of 4.5 lm and a relative speciﬁc gravity of 2.7 was sourced from
Riyadh, Saudi Arabia. The physical and chemical properties of SFL are summarized
in Table 1. The particle-size distribution of SFL measured using laser scattering par-
ticle size distribution analyzer (LA 950V2, Horiba) produced a wide range of
0.01 lm to 3000 lm, as shown in Fig. 1. Analytical grade Ca(OH)2 of 95% purity
and general use cement (CEM) in compliance with ASTM C150/C150 M-12 [12]
and with a median grain size of 11.5 lm were used. The chemical and physical
properties of the SFL and cement are shown in Table 1 and Fig. 1. The main phases
of the CEM are shown in Table 1, and the mineralogical composition of the SFL is
provided in Fig. 2. The XRD patterns of SFL prove its high crystallinity, demonstrat-
ing that it is composed primarily of quartz silica (Qz).
Experimental work was conducted using different mixing compositions to esti-
mate the optimum content of SFL that synergistically reacts with CH under auto-
clave conditions, as shown in Table 2. The data obtained were used to extract the
conversion factor. All mixtures were alpha-numerically identiﬁed using the letter
M followed by 2 numbers; the ﬁrst symbol indicates the CH content and the second
indicates the SFL content, as shown in Table 2. For example, ‘‘M05-95’’ indicates 5%
CH and 95% SFL. A water-to-(SFL + CH) ratio of 0.5 was used for all mixtures, as
shown in Table 2. Four veriﬁcation mixtures of cement paste were prepared to eval-
uate the effect of the optimum amount of SFL on the strength of cement paste under
normal and autoclave curing conditions. The veriﬁcation mixtures were duplicated
and prepared using a W/B ratio of 0.5 with and without the addition of 30% SFL un-
der normal and autoclave conditions. The tested mixtures were identiﬁed accord-
ingly as 30SFL-NC, 30SFL-AC, Co-NC and Co-AC. The mixtures with and without
the addition of 30% SFL (30SFL-AC, Co-AC) were autoclaved for 2.5 h under the de-
signed autoclave conditions in accordance with the suggested conversion factor.
The mixtures with and without 30% SFL (30SFL-NC, Co-NC) were cured under nor-
mal conditions of 21 ± 2 C and 100% RH for 28 days.3. Preparation of mixtures and testing
Each duplicate mixture listed in Table 2 was prepared using
100 g of blended powder and 50 g of water with manual mixing
for 1 min. Subsequently, 2-min mechanical mixing intervals were
applied at a speed of 9000 rpm using a variable speed electric hand
mixer followed by a pause. After ﬁve minutes had elapsed, the
paste was poured into two crucibles. These preparation steps guar-
anteed that all mixtures were well homogenized and discrepancies
in the results were avoided. Ceramic crucibles are preferred for
such a study because they are able to withstand the testing condi-
tions. Three-quarters of ceramic crucibles with a ﬁxed volume of
25 ml were ﬁlled with the prepared paste. Two of the crucibles
from each duplicate were held at normal temperature, whereas
the other two were transferred to a rack inside the autoclave reac-
tion chamber positioned above the water level. The autoclave was
closed and activated to reach a pressure of 5 bars at a temperature
of 165 C for 1 h. The pressure was readjusted to reach 10 bars at a
temperature of 180 C in a period of 1 h, at which time these
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Fig. 1. Particle size distribution of SFL.
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Fig. 2. XRD patterns of SFL powder.
Table 2
Mixing proportions of SFL and CH paste mixes with W/(SFL + CH)) = 0.50.
Samples CH (%) SFL (%) C/S (CaO/SiO2) Ca/Si
M05-95 5 95 0.04 0.06
M10-90 10 90 0.08 0.13
M15-85 15 85 0.13 0.20
M20-70 20 80 0.19 0.29
M25-75 25 75 0.25 0.39
M30-70 30 70 0.32 0.50
M40-60 40 60 0.50 0.77
M50-50 50 50 0.76 1.16
M60-40 60 40 1.13 1.74
M70-30 70 30 1.76 2.70
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was turned off and the built-in fans were kept running to provide
gradual cooling. The autoclaved mixtures were subsequently
ground, dried and investigated using XRD, SEM-EDS and FT-IR
analyses. At the end of the mixture preparation, two series of sam-
ples were identiﬁed by their curing conditions under either normal
(NC) conditions of 21 ± 2 C and 100% RH or autoclave conditions
(AC), as previously described. Under normal curing, the samples
were held for the same period of time as the autoclave curing
and were subsequently dried, ground and investigated using
XRD, SEM-EDS and FT-IR analyses.
Four veriﬁcation paste mixtures (30SFL-NC, 30SFL-AC, Co-NC
and Co-AC) with Portland cement were prepared using the previ-
ously described preparation method and poured into 2-in. cube
molds. The molds were steam cured at 40 C for 12 h. The molds
were removed and cured under normal conditions for another12 h. Next, the mixtures were split into two parts. The ﬁrst part
was autoclave cured for 2.5 h under the designed conditions in
accordance with the suggested conversion factor (30SFL-AC and
Co-AC), and the second part was normally cured for 28 days
(30SFL-NC and Co-NC). The stimulated pozzolanic activity index
(SPAI) values were subsequently calculated from the average com-
pressive strengths of the mixtures relative to the strength of Co-
NC.
It is important to note that two forms of Ca(OH)2 (mentioned as
(CH) and known as portlandite) may be generated during Portland
cement hydration, i.e., crystalline and amorphous CH. However,
crystalline CH represents the major phase. For this reason, the
determination of CH generated during cement hydration was esti-
mated using TGA/DTA analyses instead of XRD analysis. Addition-
ally, it is important to remember that the total amount of CH
generated during Portland cement hydration can reach a maxi-
mum value of approximately 27% of the cement content [13].
The type of CH used in this study to calculate the conversion factor
was a highly crystalline and pure form of Ca(OH)2. Therefore, the
determination of this type of crystalline CH was performed using
XRD analysis because this method was faster and more accurate.
The amount of CH added to SFL should not exceed the maximum
amount of CH that can be generated by the hydrated cement. How-
ever, as presented in Table 2, the mix proportion contains a total
amount of up to 70% CH. The autoclave reaction of SFL with CH re-
sults in the formation of crystalline C–S–H (tobermorite) phases.
This stimulated pozzolanic reaction is accompanied by an obvious
reduction or even complete disappearance of the added CH. In this
case, the trace presence of CH becomes undetectable by XRD and
FT-IR techniques, which is valid until the amount of added CH ex-
ceeds the active amount of SFL. In this case, the additional CH be-
comes detectable by XRD and FT-IR techniques. Accordingly, the
testing protocol for XRD analysis was set up such that once the ma-
jor CH peak is detected via the XRD technique; no further analysis
should be pursued because this means that the amount of CH has
exceeded the reactive amount of SFL and that the proportions of
SFL and CH are beyond the stoichiometric ratio. For this reason,
XRD analysis was not used for mixtures with higher CH contents,
and these materials were characterized by FT-IR analysis as a con-
ﬁrmatory tool of analysis.
3.1. XRD and SEM analyses
The XRD analysis was carried out on specimens cured under
both normal and autoclave conditions. Two samples from each
mixture were tested under each testing condition. The crystalline
structure and mineralogical composition of the specimens in pow-
der form were analyzed using X-ray diffraction (XRD-700, SHIMA-
DZU) with Cu Ka radiation at 40 kV and 30 mAwith a scan speed of
2h/min. The SEM analysis was conducted using a JEOL JSM-6610
scanning electron microscope (SEM) coupled with an X-ray mi-
cro-analyzer (EDS). The SEM-EDS analyses were used to investigate
the mixture to show the complete formation of tobermorite with
the optimum proportions of SFL and CH cured both under normal
and autoclave conditions.
3.2. FT-IR analysis
The use of FT-IR spectroscopy enables differentiation of various
types of bonds in the SFL-CH combinations on a molecular level. In
the current work, the FT-IR absorption spectra of SFL and CH were
collected separately and compared with the absorption lines of
both the normal and autoclaved mixtures as well as the reference
spectra in the literature. The infrared spectra of the tested mixtures
were collected on a Bruker Tensor 27 FT-IR in transmission mode
with a spectral resolution of 4 cm1 for a total of 32 scans at
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the full mid-IR framework vibration region (4000–400 cm1) of
the spectrometer.
The mixtures shown in Table 2 were analyzed using FT-IR anal-
yses after normal and autoclave curing.4. Results and discussions
4.1. XRD analysis
The XRD results of the mixtures containing from 5–40% CH
show the absence of the major CH peak, whereas the mixture with
50% CH shows an obvious presence of the major CH peak, as shown
in Fig. 3. Therefore, the optimum stoichiometric SFL/CH ratio lies
within the range of 5% to less than 50%, i.e., within the mixture
M05-95 to the mixture M50-50. Once the optimum stoichiometric
ratio is reached, any additional amount of CH becomes detectable
in the XRD patterns, as shown by mixture M50-50 in Fig. 3. As pre-
viously discussed, the maximum amount of generated CH during
Portland cement hydration is less than 27%. In addition to this rea-
soning and because the mixture M50-50 showed the presence of
detectable CH content, the XRD analysis was limited to mixtures
with 50% CH or less, i.e., as low as 5%. The C–S–H formation takes
place in three phases, as depicted in Fig. 3. At a CH content of 5%,
silica-rich C–S–H (C–S–H (S) begins to form up to the optimum
stoichiometric SFL/CH ratio, where complete formation of toberm-
orite is achieved representing phases 1 and 2. After the optimum
stoichiometric SFL/CH ratio, another type of lime-rich C–S–H (C–
S–H (L) begins to form, representing phase 3. The two mixtures
M30-70 and M50-50 were of special interest because the toberm-
orite formation was complete and the main CH peak was observed,
respectively. These samples are described speciﬁcally in Figs. 4 and
5.
Fig. 4 shows an example illustrating the difference between the
samples identiﬁed as M30-70-AC and M30-70-NC cured under dif-
ferent conditions. There is obvious formation of three weak XRD
peaks in the range of 29–32 (2hthetai), and these peaks are attrib-
uted to the growth and crystallization of tobermorite, as conﬁrmed
by Houston et al. [14]. Therefore, the speciﬁc stoichiometric ratio
between SFL (SiO2) and CH (Ca(OH)2) is accompanied by an opti-
mum corresponding stoichiometric Ca/Si ratio. At this optimum ra-
tio, an obvious formation of tobermorite occurs within the range of
the mixture M30-70-AC. The identiﬁed peaks in Fig. 4 are thus
attributed to the presence of the tobermorite phase [14], whichFig. 3. Progress of tobermorite formation with SFL/CH ratio.has been entirely formed at the theoretically calculated Ca/Si reac-
tant ratio of 0.5, as calculated in Table 2. Moreover, the CH major
peak at 34 (2hthetai) is completely consumed, which means that
higher quantities of CH might be added and consumed by SFL until
the obvious appearance of the CH major peak at 34 (2hthetai)
occurs.
To explain more fully, the mixture with 50% CH and 50% SFL
shows the presence of a portlandite peak at 34 (2hthetai), as con-
ﬁrmed in Fig. 5, which also indicates that the optimum CH content
is far below 50%. The amount of non-reacted CH remaining in the
M50-50-AC mixture after autoclave curing was estimated using
the calibration curve established in Fig. 6. According to the XRD
testing protocol adopted, the mixtures with CH contents greater
than 50% were not tested but were followed with FT-IR analysis
for conﬁrmation. The non-reacted CH shown in Fig. 5 was calcu-
lated from the calibration curve established from samples taken
from the mixtures that were normally cured for the same period
of time as the autoclave (2.5 h).
To establish the calibration curve, XRD analysis was conducted
on the samples taken from the normally cured mixtures after dry-
ing in a CO2-free and dry environment to avoid carbonation of CH.
The absence of carbonation was demonstrated by the absence of
the main calcite peak in the range of 29–30 (2hthetai) because
the optimum stoichiometric mixture is expected in mixtures with
less than 50% CH. For this reason, the normally cured mixtures
from M05-95 to M50-50 were used to establish the calibration
curve.
The calibration curve was established by plotting the intensity
of the major CH peak at 34 (2hthetai) of each mixture and the cor-
responding percentage of CH, as shown in Fig. 6. This test was con-
ducted under constant XRD test conditions as described in
Section 3.1 and previously documented [15].
The crystallinity of the analytical-grade and high-purity CH pro-
vides acceptable precision for the calibration data. In brief, it was
shown that the optimum stoichiometric SFL/CH ratio leading to
complete formation of tobermorite was found in mixture M30-
70-AC or near this composition, as clearly shown in Fig. 3 and de-
tailed in Fig. 4. Furthermore, the CH generated from Portland ce-
ment hydration becomes the determining factor that should be
estimated using the proper technique. Because the CH generated
during Portland cement hydration can be found under different
crystalline and amorphous structures, TGA/DTA analyses were rec-
ommended for this part of the study. Accordingly, the amount of
non-reacted CH can be estimated from Fig. 6. The best-ﬁt line pass-
ing through the origin is obtained with the corresponding Eq. (1)Fig. 4. XRD analysis of M30-70 under autoclave and normal curing conditions (AC
and NC).
Fig. 5. XRD analysis of M50-50 under autoclave and normal curing conditions (AC
and NC).
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described in the following equation:
Intensity ¼ 38:7  CH ð%Þ ð1Þ4.1.1. Calculation of the optimum SFL content and derivation of the
conversion factor
The XRD analysis of the autoclaved mixtures presented in Fig. 5
showed that mixture M50-50-AC contains a detectable amount ofFig. 6. XRD calibration curve established from thnon-reacted CH. An estimation of the amount of non-reacted CH
was performed using the measurement of the average main CH
peak intensity at 34 (2hthetai) of two samples from the duplicate
mixtures M50-50-AC. Next, an average estimated CH value of
approximately 12% can be obtained by applying the average XRD
intensity value to Eq. (1) (the average of the non-reacted CH con-
tents of the duplicate mixtures are 11.93% and 12.18%). The reacted
amount of CH can be described as in Eq. (2) as follows:
Reacted CH ðRCHÞ ¼ Total CH ðTCHÞ
 Non-Reacted CH ðNRCHÞ ð2Þ
Applying the estimated amount of non-reacted CH of 12% found
in the mixture M50-50-AC to Eq. (2), the reacted CH content could
be calculated with the knowledge that the total amount of CH is
50%. Therefore, the reacted CH content is calculated from Eq. (2)
as follows:
Reacted CH ðRCHÞ ¼ 50 12 ¼ 38%
The reacted CH amount of 38% represents the optimum content
of CH that should be added to 50% SFL. Therefore, the corrected in-
ter-proportion of 50% SFL with the corresponding optimal amount
of 38% CH may be re-adjusted as follows:
 The corrected content of the optimum CH (%) = 38/
(38 + 50) = 43%.
 The corrected content of the optimum SFL (%) = 50/
(38 + 50) = 57%.
As a result, the optimum stoichiometric SFL/CH ratio (conver-
sion factor) can be calculated as in Eq. (3) as follows:e mixtures cured under normal conditions.
Table 3
EDS analysis of M30-70 under normal (NC) and autoclave conditions (AC).
EDS analysis M30-70-NC M30-70-AC
O 37.14 45.09
Mg 0.18 0.29
Al 0.32 0.29
Si 26.33 25.82
Ca 13.95 22.56
Pt 0.72 1.97
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The conversion factor calculated for the optimum SFL/CH ratio
is equal to 1.32. This factor can be used in practice to calculate
the optimum amount of SFL added to cement for autoclave con-
crete with enhanced properties. Knowing the total amount of CH
generated during cement hydration under autoclave conditions
and the conversion factor, the optimum amount of SFL that should
be added to cement can be precisely obtained.S – 0.16
Ca/Si 0.53 0.874.2. SEM-EDS analysis
As explained in Fig. 3, a gradual formation of tobermorite min-
eral takes place with the addition of CH and begins with the forma-
tion of silica-rich C–S–H (S) until complete formation of
tobermorite is reached in the mixture M30-70-AC. Next, continu-
ous addition of CH leads to the formation of lime-rich C–S–H (L)
until a mixture of lime-rich C–S–H (L) with additional CH is ob-
tained in the mixture M50-50-AC. Based on these data, the mixture
M30-70-AC can be considered as the optimum or nearly optimum
mixture because its CH content is close to 38%. A microstructural
analysis of M30-70 mixtures (under normal and autoclave curing
in which an obvious formation of tobermorite has taken place)
was carried out, as shown in Figs. 7 and 8, respectively. Interest-
ingly, under short-term normal curing conditions (2.5 h) and after
drying, there is no evidence of reaction between SFL (ground crys-
talline silica) and CH. These materials normally appear as a dry
mixture of SFL and CH, as shown in Fig. 7, which corresponds to
M30-70-NC. In contrast, under autoclave conditions, there is clear
indication of the formation of densely layered structures that
might be attributed to tobermorite formation, as shown in Fig. 8,
which corresponds to M30-70-AC. The elemental EDS analysis of
the M30-70-AC mixture shows an intensive Ca peak comparedFig. 7. SEM photomicrograph for M3
Fig. 8. SEM photomicrograph for M3with that of the mixture M30-70-NC, as shown in Figs. 7 and 8. This
observation might indicate a type of modiﬁcation to the SFL micro-
framework and a redistribution of Ca ions around SFL particles, as
suggested by the EDS analysis in Fig. 8.
The results of elemental EDS analysis of the M30-70 mixture
under normal and autoclave conditions is shown in Table 3. The
EDS analysis has shown that the internal Ca/Si ratios characteristic
of the reactants cured under normal and autoclave conditions are
0.53 and 0.87, respectively. The measured Ca/Si ratio of 0.53 for
M30-70-NC is identical to that calculated (Ca/Si ratio of 0.50) in Ta-
ble 2. The measured Ca/Si ratio approximated as 0.9 for M30-70-AC
is characteristic of the formed tobermorite phase. The Ca/Si ratio of
approximately 0.9 can be attributed to the tobermorite structure,
which seems to display a composition close to C–S–H (I) and there-
fore can be classiﬁed as a disordered form of 1.4-nm tobermorite
[16–20].4.3. FT-IR analysis
The progress in the transformation of SFL reacted with CH to
produce tobermorite and the evolution of its crystallinity was also0-70-NC mix with EDS analysis.
0-70-AC mix with EDS analysis.
Wave number (cm-1)
CH
40080012001600200024002800320036004000
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3643 
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694 1084 
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Fig. 9. FT-IR spectrum for the raw materials SFL and CH.
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400–4000 cm1. The FT-IR spectrum of SFL and CH as raw materi-
als (the precursors) is shown in Fig. 9. For SFL, there are seven main
signals that can be identiﬁed: a strong broad band at 1084 cm1;
weak broad bands at 3432 cm1, 3620 cm1 and 3694 cm1; two
sharp bands at 797 cm1 and 460 cm1; and ﬁnally a medium
sharp peak at 694 cm1. In fact, the sharp band at 797 cm1 repre-
sents a doublet band at 797 cm1 and 779 cm1, which is diagnos-
tic for quartz. For CH, the broad band at 3432 cm1 is attributed to
(OH) stretching vibration due to the presence of humidity in the
samples [20]. A sharp absorption band at 3643 cm1 characteristic
of the OH group in CH was also identiﬁed [21,22], as clearly de-
picted in Fig. 9.
4.3.1. FTIR-normal curing
Compared with Fig. 9, the FT-IR analysis of all mixtures listed in
Table 2 and cured under normal conditions show combined FT-IR
vibration bands similar to those of the dry mixture of the SFL
and CH precursors, as shown in Fig. 10. The intensities of the vibra-
tion bands are proportional to the corresponding content of SFLFig. 10. FT-IR spectrum of all mixes under normal curing conditions.and CH. The broad band at 3435 cm1 attributed to (OH) stretching
vibration due to the presence of water in the samples is noted [20].
4.3.2. FT-IR autoclave curing
After autoclave curing of all mixtures listed in Table 2, the char-
acteristic peak of the OH group in CH at 3645 cm1 has disap-
peared in the mixtures with 5–30% CH and is attributed to CH
consumption by the stimulated pozzolanic reaction with SFL, as
conﬁrmed in Fig. 11. The OH group in CH characteristic peak is
slightly visible as a notably weak vibration band at 3645 cm1 in
the mixture with 40% CH (M40-60-AC). The trace of CH detected
by FT-IR seems to be outside of the detection limit of the XRD
instrument. Therefore, it also can be concluded from FT-IR analysis
that the optimum CH content is less than 40%. These test results
are considered as conﬁrmation of the previous ﬁndings that the re-
acted CH content is approximately 38%. The FT-IR investigation
proves complementary to the XRD analysis. The characteristic
vibration peak of the OH group in CH clearly appears in the M50-
50-AC mixture, as previously conﬁrmed by the XRD results specif-
ically discussed and presented in Fig. 5. Additionally, all mixtures
with higher CH contents, i.e., 60% and 70% CH, show the character-
istic vibration peak of the OH group in CH, as clearly shown in
Fig. 11. Therefore, the argument of limiting XRD analysis for mix-
tures with 5% to 50% CH was valid. The characteristic set of FT-IR
absorption bands of C–S–H is located in the range of 400–
1200 cm1. The single absorption band located at 798 cm1 is char-
acteristic of C–S–H and is attributed to Si–O bending vibration
[21,22]. It is important to note that this single absorption band lo-
cated at 798 cm1 is different from the doublet absorption band at
779 cm1 and 798 cm1 that is diagnostic for quartz. The vibration
band at 1100 cm1 is assigned to asymmetric stretching vibrations
of the SiO4 tetrahedra of the Q4 units (SiO4), and the vibration band
at 1039 cm1 is assigned to Q3 units (SiO3) with non-bridging
oxygen [23]. This observation indicates the occurrence of de-poly-
merization of the SiO4 tetrahedral building units of the SFL frame-
work structure into lower units (SiO3) of Si–O networks. In this
type of silica network, SiO4 tetrahedra are joined by the oxygen
atoms located at the vertices. These silica networks are subse-
quently modiﬁed by the incorporation of Ca ions from CH, thus
altering the degree of polymerization of the silicate framework of
SFL [24].
5. Veriﬁcation of the validity of the conversion factor
The successful application of this approach will not only reduce
production time but will also lead to an optimized autoclaved con-
crete with enhanced properties. The total amount of CH released
from the control cement paste was prepared in accordance with
Fig. 11. FT-IR spectrum of all mixes after autoclave curing.
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Following the cooling and drying of the control cement paste, the
generated CH due to cement hydration was calculated using
TGA/DTA analysis. A total average amount of CH of approximately
23.41% generated from the hydration of autoclaved cement paste
was directly calculated from the thermogravimetric analysis data
shown in Fig. 12 using the following equation [25]:
CH ð%Þ ¼ WLCH ð%Þ MWCH=MWH ð4Þ
where WLCH (%) represents the weight loss due to dehydration of
the generated CH from hydrated cement and MWCH and MWH
are the molecular weights of CH and water, respectively.
Considering that OC = Optimal SFL content to be added to ce-
ment and TAC = Total amount of CH (generated from cement andFig. 12. The TGA/DTA curve of the conobtained from Fig. 12), the optimum amount of SFL that should
be added to this cement can be directly calculated as follows:
OC ¼ TAC conversion factor
Next, knowing the value of TAC and applying the conversion
factor, the OC is calculated as follows:
OC ¼ 23:41 1:32
¼ 30:90% ðSFL powder to be added to cementÞ
Therefore, the optimum SFL content for addition to cement is
approximately 30%. The results of the average compressive
strength and SPAI of each mixture with respect to Co-NC are shown
in Fig. 13. The SPAI values of the mixtures 30SFL-NC, 30SFL-AC,trol cement paste sample Co-NC.
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Fig. 13. Average compressive strengths under normal curing (28 days) and
autoclave (2.5 h) conditions in presence and absence of 30% SFL with the stimulated
pozzolanic activity index (SPAI).
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tively. With respect to Co-NC, the addition of 30% SFL under normal
curing conditions of 28 days (30SFL-NC) reduced the SPAI from
100% to 44.51%. However, under autoclave conditions of 2.5 h,
the addition of 30% SFL (30SFL-AC) showed a similar SPAI value
(100.97%) with respect to Co-NC (100%) cured for 28 days under
normal conditions. With respect to the control mixture Co-NC,
the autoclave curing of Co-AC has reduced the SPAI from 100% to
45.85%. This change was ascribed to the transformation of C–S–H
into crystalline aC2SH and b-C6S2H3 phases of considerable per-
meability that are frequently accompanied by a lower compressiveFig. 14. SEM-EDS analysis of the autoclave
Fig. 15. Different nano-sized lamellar structures and nano-sizedstrength [26]. The addition of quartz silica ﬂour prevents such a
negative transformation and leads to the formation of stable crys-
talline tobermorite phases [2–4,26]. The formed tobermorite
phases in 30SFL-AC improved the nano-structures with enhanced
improved compressive strength, i.e., the SPAI of 44.51% in 30SFL-
NC normally cured for 28 days was improved to 100.97% under
2.5 h autoclave curing, as presented in Fig. 13.
The results of the validation test provided conﬁrmation for the
approach undertaken in this work. These results are expected to
aid the autoclaved concrete industry in producing autoclaved con-
crete mixtures with optimized and enhanced mechanical proper-
ties. The SEM-EDS analysis reveals the presence of an advanced
type of nano-sized lamella and grains of similar C–S–H composi-
tion. The measured Ca/Si ratio was approximately 1.09, as shown
in Figs. 14 and 15. The measured Ca/Si ratio exhibits a higher value
compared with that found in the mixture M30-70 (Ca/Si = 0.90)
cured under similar autoclave conditions. This difference can be
attributed to the additional C–S–H portion formed during hydra-
tion of the silicate phases in cement, which has a higher Ca/Si ratio.
Accordingly, the resulting interaction of the SFL, tobermorite and
C–S–H phases has led to the formation of new series of nano-bind-
ers. The newly formed phases demonstrate improved and en-
hanced mechanical properties with an average Ca/Si ratio of
higher value, as shown in Fig. 15. It was reported that the Ca/Si ra-
tio varies between 0.8 and 1.5 in the structures with C–S–H (I) fea-
tures [27,28]. Therefore, it can be concluded that under optimized
proportions of SFL and CH, different series of products with C–S–H
(I) and advanced structural features and enhanced mechanical
properties were obtained using this cost-effective method.d cement paste sample with 30% SFL.
fused grains found in cement paste sample with 30% SFL.
A. Alhozaimy et al. / Construction and Building Materials 49 (2013) 184–193 1936. Conclusions
This work describes a simple method used to optimize the
interaction of crystalline silica of known ﬁneness with hydrated
lime (CH) to obtain an optimized autoclaved concrete under de-
ﬁned autoclave conditions. The latent pozzolanic reactivity of ﬁ-
nely ground crystalline sand is stimulated under autoclave
curing. An optimum stoichiometric ratio exists between ground
crystalline sand and CH for each optimized autoclave condition
at a given ﬁneness of ground sand and CH content. At this ratio,
the CH consumption reaches its maximum level, as conﬁrmed by
XRD, SEM-EDS and FT-IR analyses. Due to the alkalinity of CH
and autoclave conditions, the ground sand undergoes de-polymer-
ization, becomes activated and is ultimately involved in a pozzola-
nic reaction with CH, as conﬁrmed by XRD and FT-IR analyses. The
authors refer to this type of pozzolanic reaction as a stimulated
pozzolanic reaction.
Itwas found that 38%CH is consumed in amixture of 50% SFL and
50%CH, as estimatedusing theXRDcalibration curve and FT-IR anal-
ysis. Therefore, a stoichiometric ratio of approximately 57% ground
sand and43%calciumhydroxidewas obtained. From this stoichiom-
etric ratio, a conversion factor of 1.32 was used to determine the
optimum amount of ground sand needed to consume the CH. A ver-
iﬁcation test was conducted to assess the validity of this conversion
factor using Portland cement designed in accordance with the sug-
gested methods used to estimate the conversion factor. The total
amount of CH generated during the hydration of the autoclaved ce-
mentwas calculated. Using the conversion factor, the amount of SFL
added to cement was successfully determined. A microstructure
analysis revealed the presence of different nano-sized grains of C–
S–H with a Ca/Si ratio of 1.09. The newly formed nanostructures
are thought to be formed due to the total interactions of SFL with
the generated cement hydration products of CH and C–S–H. The
average compressive strength of the 2.5-h autoclaved samples with
30% ground sand has provided a value equivalent to that of the 28-
day normally cured control samples. Under normal curing condi-
tions, the addition of 30% SFL signiﬁcantly reduces the strength. To
this end, it can be afﬁrmed that once the conversion factor is estab-
lished, mass production of optimized autoclaved concrete can be
easily and economically carried out.
References
[1] Yanga Q, Zhang S, Huang S, He Y. Effect of ground quartz sand on properties of
high-strength concrete in the steam-autoclaved curing. Cem Concr Res
2000;30:1993–8.
[2] Alhozaimy A, Jaafar MS, Al-Negheimish A, Abdullah A, Tauﬁq-Yap YH, Noorzaei
J, et al. Properties of high strength concrete using white and dune sands under
normal and autoclaved curing. Constr Build Mater 2012;27:218–22.
[3] Alhozaimy A, Al-Negheimish A, Alawad OA, Jaafar MS, Noorzaei J. Binary and
ternary effects of ground dune sand and blast furnace slag on the compressive
strength of mortar. Cem Concr Compos 2012;34:734–8.[4] Bouziani T, Bederina M, Hadjoudja M. Effect of dune sand on the properties of
ﬂowing sand-concrete (FSC). Int J Concr Struct Mater 2012;6:59–64.
[5] Kronlof A. Effect of very ﬁne aggregate on concrete strength. Mater Struct
1994;27:15–25.
[6] Guettala S, Mezghiche B, Mellas M. Adding ﬁnely crushed dune sand to cement
on the evolution of hydration of Portland cement paste. Asian J Civ Eng (Build.
Hous.) 2010;11:241–51.
[7] Guettala S, Mezghiche B. Compressive strength and hydration with age of
cement pastes containing dune sand powder. Constr Build Mater
2011;25:1263–9.
[8] Mitsuda T, Asami J, Matsubara Y, Toraya H. Hydrothermal formation of c-
dicalcium silicate from lime–silica mixtures using a rapid-heating method and
its reaction to give kilchoaniteor calciochondrodite. Cem Concr Res
1985;15:613–21.
[9] Shaw S, Clark SM, Henderson CMB. Autoclave formation of the hydrates,
tobermorite (Ca5Si6O16(OH)24H2O) and xonotlite (Ca6Si6O17(OH2): and in situ
synchrotron study. J. Chem Geol 2000;167:129–40.
[10] Kikuma J, Tsunashima M, Ishikawa T, Matsuno S, Ogawa A, Matsui K, et al.
Hydrothermal formation of tobermorite studied by in situ X-ray diffraction
under autoclave condition. J Synch Rad 2009;16:683–6.
[11] Jauberthie R, Temimi M, Laquerbe M. Hydrothermal transformation of
tobermorite gel to 10 Å tobermorite. Cem Concr Res 1996;26:1335–9.
[12] ASTM C150/C150M-12. Standard speciﬁcation for Portland cement. ASTM
international.
[13] Shaﬁq N, Nuruddin M. Degree of hydration of OPC and OPC/ﬂy ash paste
samples conditioned at different relative humidity. Int J Sustain Constr Eng
Technol 2010;1:47–56.
[14] Houston JR, Maxwell RS, Carroll SA. Transformation of meta-stable calcium
silicate hydrates to tobermorite: reaction kinetics and molecular structure
from XRD and NMR spectroscopy. J Geochem Trans 2009;10:1–14.
[15] Arroudj K, Fares G, Zenati A, Oudjit N, Tagnit-Hamou A. Hydration of cement in
presence of dunes sand and slag. In: 10th ACI international conference on
recent advances in concrete technology and sustainability issues, Seville,
Spain; 2009. p. 15–7.
[16] Taylor HFW. Proposed structure for calcium silicate hydrate Gel. J Am Cer Soc
1986;69:464–7.
[17] Jennings HM. A model for the microstructure of calcium silicate hydrate in
cement paste. Cem Concr Res 2000;30:101–16.
[18] Tennis PD, Jennings HM. A Model for two types of calcium silicate hydrate in
the microstructure of Portland cement pastes. Cem Concr Res
2000;30:855–63.
[19] Skinner LB, Chae SR, Benmore CJ, Wenk HR, Monteiro PJM. Nanostructure of
calcium silicate hydrates in cement. Phys Rev Lett 2010;104:1–4.
[20] Ramachandran VS, Beaudoin JJ. Handbook of analytical techniques in concrete
science and technology. New York: William Andrew Publishing/Noyes; 2001.
[21] Taylor HFW. Cement chemistry. 2nd ed. London: Thomas Thelford; 1997.
[22] Baltakys K, Jauberthie R, Siauciunas R, Kaminskas R. Inﬂuence of modiﬁcation
of SiO2 on the formation of calcium silicate hydrate. J Mater Sci (Poland)
2007;25:663–70.
[23] Simonsen ME, Sønderby C, Li Z, Søgaard EG. XPS and FT-IR investigation of
silicate polymers. J Mater Sci 2009;44:2079–88.
[24] Colomban P, Schreiber HD. Raman signature modiﬁcation induced by copper
nano particles in silicate glass. J Raman Spectrosc 2005;36:884–90.
[25] Peschard A, Govin A, Grosseau P, Guilhot B, Guyonnet R. Effect of
polysaccharides on the hydration of cement paste at early ages. Cem Concr
Res 2004;34:2153–8.
[26] Luke K. Phase studies of pozzolanic stabilized calcium silicate hydrates at
180 C. Cem Concr Res 2004;34:1725–32.
[27] Black L, Garbev K, Stemmermann P, Hallam KR, Allen GC. Characterisation of
crystalline C–S–H phases by X-ray photoelectron spectroscopy. Cem Concr Res
2003;33:899–911.
[28] Kikuma J, Tsunashima M, Ishikawa T, Matsuno S, Ogawa A, Matsui K, et al.
Effects of quartz particle size and water-to-solid ratio on hydrothermal
synthesis of tobermorite studied by in-situ time-resolved X-ray diffraction. J
Solid State Chem 2011;184:2066–74.
